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INTRODUCTION 
 
The integrity of the basement membrane (BM) is essential for homeostasis of normal mammary 
epithelium (1). Disruption of the BM by deposition of fibrillar collagen has been associated with 
initiation and progression of breast cancer in patients and experimental models (3). miRNAs are 
small non-coding RNAs that down-regulate translation of a target mRNA by partial 
complementarity with its target sequences within the 3’ untranslated regions. Profiling miRNA in 
human breast samples and breast cancer cell lines reveals deregulated expression of a number 
of miRNAs, such as up-regulated miR-21 and miR-10b, and down-regulated miR-125a and miR-
200c (2). This proposal hypothesizes that deregulated expression of miRNAs contributes to 
resistance of breast cancer cells to differentiation promoting ECM, whereas miRNAs modulated 
by the tumor promoting ECM contribute to aggressiveness of breast cancer cells. Aim 1−To 
identify miRNAs that are differentially expressed in monolayer 2-D culture and the reconstituted 
BM Matrigel based three-dimensional culture (rBM 3-D) between MCF-7 (tumorigenic/non-
metastatic) and MDA-MB-231 (tumorigenic/metastatic) cells. Aim 2−To identify miRNAs whose 
expression is modulated by the tumor promoting ECM and which correlate with disruption of 
mammary gland acini and invasive growth. The prototype of the tumor promoting ECM is 
generated by supplementing rBM with type I collagen (rBM+Col-1). miRNA profiles will be 
compared between rBM 3-D and rBM+Col-1 3D cultures in MCF-7 cells. The rBM-Col-1 
responsive miRNAs will be identified. Disruption of mammary gland acini and invasive growth 
will be assessed relative to an altered miRNA response to rBM+Col-1.  
 
BODY 
 
1. To establish lrECM 3D (rBM 3-D) cultures of MCF-10A, MCF-7, and MDA-MB231 cells using 
Matrigel. (as stated in Aim 1).  

 
We successfully established rBM 3-D culture of MCF-7 and MDA-MB231 cells. We 
encountered technical barriers in culturing MCF-10A cells in rBM 3-D culture and decided to 
drop the cell line because it is not essential to our overall hypothesis and objective.   

 
2. To carry out TaqMan miRNA arrays on RNA samples collected from MCF-10A, MCF-7, and 
MDAMB231 cells in IrECM 3D cultures. To identify the miRNAs that respond to lrECM by 
comparing the miRNA profiles between plastic 2D monolayer culture and lrECM of in MCF-10A. 
Within the panel of the lrECM responsive miRNAs, focus is to identify the miRNAs whose 
response to lrECM is greater than 2-fold and in MCF-10A cells and absent in MCF-7 and MDA-
MB231. To correlate the absent miRNA response with reduced formation of mammary gland 
acinus in MCF-7 and MDA-MB231 when compared with MCF-10A. (as stated in Aim 1) 
 

We profiled miRNA expression in 2-D and rBM 3-D cultures of MCF-7 and MDA-MB231 
cells. We used miRNA arrays provided by LC Sciences instead of RT-PCR because miRNA 
arrays are more cost-effective. We identified dozens of miRNAs that correlated with distinct 
morphogenesis of MCF-7 and MDA-MB231 cells in rBM 3-D. These miRNAs included 
several well-documented tumor-modulating miRNAs, such as the members of miR-200 
family. A detailed description and discussion of the results were presented in a submitted 
manuscript (see Appendix B).   

 
3. To determine the function of the lrECM responsive miRNAs in formation of mammary gland 
acinus. The functional assays, assessment of mammary gland acini, will be restricted to the 
miRNAs whose response to lrECM, including both down-regulation and up-regulation, is greater 
than 2-fold and present in MCF-10A but absent in MCF-7 and MDA-MB231. The selected 
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miRNA response will be compromised in MCF-10A cells and restored in MCF-7 and MDA-
MB231 cells followed by assessment for formation of mammary gland acini. (as stated in Aim 1) 
 

For functional analysis, we focused on miR-429, a miRNA-200 family member that exhibited 
higher expression in MCF-7 than MDA-MB231 in rBM 3-D culture. Overexpression of miR-
429 in MDA-MB231 cells repressed the expression of ZEB1, increased the expression E-
cadherin, and induced a transition from the invasive stellate morphology to the non-invasive 
mass morphology. A detailed description and discussion of the results were presented in a 
submitted manuscript (see Appendix B). 

 
4. To establish lrECM-Col 3D cultures of MCF-10A, MCF-7, and MDA-MB231 cells using 
Matrigel supplemented with type I collagen. (as stated in Aim 2) 
 

We establish rBM 3-D culture of MCF-7 and MDA-MB231 cells in the presence or absence 
of Col-1. We focused our miRNA profiling on MCF-7 cells in rBM 3-D culture +/- Col-1 
because MCF-7 exhibited a greater distortion of morphogenesis in response to Col-1.  
 

5. To carry out TaqMan miRNA arrays on RNA samples collected from MCF-10A, MCF-7, and 
MDAMB231 cells in IrECM and lrECM-Col 3D cultures. To identify the miRNAs that respond to 
lrECM-Col by comparing the miRNA profiles between IrECM and lrECM-Col 3D cultures in 
MCF-10A, MCF-7 and MDA-MB231. Within the panel of the lrECM-Col responsive miRNAs, 
focus is to identify the miRNAs consistently respond to lrECM-Col greater than 2-fold in all three 
cell lines. (as stated in Aim 2) 
 

We profiled the expression of miRNAs in rBM 3-D culture +/- Col-1 and identified dozens of 
miRNAs that were dysregulated by Col-1. A detailed description and discussion of the 
results were presented in a published manuscript and a submitted manuscript (see 
Appendix A & B). 

 
6. To determine the function of the lrECM-Col responsive miRNAs in formation of mammary 
gland acinus. The functional assays, assessment of mammary gland acini, will be restricted to 
the miRNAs whose response to lrECM-Col, including both down-regulation and up-regulation, is 
present in all three cell lines. The selected miRNA response will be compromised in MCF-10A, 
MCF-7 and MDA-MB231 cells followed by assessment for disruption of mammary gland acini 
and invasive growth. (as stated in Aim 2) 
 

We attempted over-expression of miR-21 in MCF-7 cells. However, maturation of miR-21 is 
a rate-limiting factor that caused a modest increase of mature miR-21 from the retroviral 
vector that we introduced into MCF-7 cells. As a consequence, over-expression of miR-21 
alone did not disrupt morphogenesis of MCF-7 cells. 
 

 
KEY RESEARCH ACCOMPLISHMENTS 
 
We established a protocol to profile miRNA expression in rBM 3-D culture. We provided the first 
comparison of miRNA profiles between non-invasive and invasive breast cancer cells, which 
contained necessary information to explore the role of miRNAs in morphogenesis of mammary 
epithelial cells. Our in-depth analysis suggested that miR-21 and the miR-200 family are crucial 
to morphogenesis and cancer progression of the mammary epithelium.  
 
REPORTABLE OUTCOMES 
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Li C, Nguyen HT, Zhuang Y, Lin Y, Flemington EK, Guo W, Guenther J, Burow ME, Morris GF, 
Sullivan D, Shan B.  Post-transcriptional Up-regulation of miR-21 by Type I Collagen.  Mol 
Carcinog. 2011 Jul;50(7):563-70. PubMed PMID: 21647970. 
 
Nguyen HT, Li C, Lasky JA, Kantrow SP, Gilbert Morris GF, Deborah Sullivan DE, Shan B.  
Modeling the Metastasis Promoting Tumor Microenvironment using Extracellular Matrix Three 
Dimensional Culture.  (International Conference for American Thoracic Society, 2010, selected 
for oral presentation) 
 
CONCLUSION 
rBM 3-D culture can faithfully recapitulate in vivo properties of the mammary epithelium. The 
gene expression signature from the rBM 3-D cultures of breast cancer cells holds prognostic 
value for breast cancer. Likewise, we provided the first miRNA signature of breast cancer cells 
in rBM 3-D culture, which can probably serve as a prognostic indicator. We demonstrate proof 
of principle that ECM modulates miRNA expression and deregulated miRNA expression by the 
tumor promoting ECM contributes to the aggressiveness of breast cancer, which will pave the 
road for exploration of miRNA targeting strategies. 
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Post-Transcriptional Up-Regulation of miR-21
by Type I Collagen

Cui Li,1 Hong T. Nguyen,2 Yan Zhuang,2 Yi Lin,3 Erik K. Flemington,4 Weichao Guo,2 James Guenther,4

Matthew E. Burow,2 Gilbert F. Morris,4 Deborah Sullivan,5 and Bin Shan2*
1Key Laboratory of Cancer Proteomics of Chinese Ministry of Health, Xiangya Hospital, Central South University,
Hunan, China
2Department of Medicine, Tulane University School of Medicine, New Orleans, Louisiana
3Department of Obstetrics and Gynecology, Institute of Obstetrics and Gynecology, Renji Hospital, School of Medicine,
Shanghai Jiaotong University, Shanghai, China
4Department of Pathology, Tulane University School of Medicine, New Orleans, Louisiana
5Department of Microbiology, Tulane University School of Medicine, New Orleans, Louisiana

Composition of extracellularmatrix (ECM) is crucial to the establishment andmaintenance of epithelial apical-basolateral
polarity. Increased ECM rigidity caused by deposition of fibrillar collagen, for example, collagen type I (Col-1), promotes loss
of epithelial polarity and tumor progression. microRNAs are small non-coding RNAs that regulate gene expression and

fundamental cellular processes. The current study explored a link between microRNAs and Col-1 using organotypic three-
dimensional culture in which epithelial cells are embedded within Matrigel, a mimic of basement membrane matrix
(Matrigel 3-D). Matrigel 3-D culture of A549, MCF-7, andmK-ras-LE cells (lung andmammary epithelial cell lines) gave rise

to acinus, an in vitro equivalent of apical-basolateral polarity that consists of a polarizedmonolayer of epithelial cells facing a
central lumen. Supplementation of Col-1 disrupted acinus.Moreover, Col-1 up-regulated the expression ofmiR-21, awell-
documented oncogenicmicroRNA, via a post-transcriptionalmechanism. Similar post-transcriptional up-regulation ofmiR-

21 correlated with deposition of Col-1 in a murine model of lung fibrogenesis. In summary, our findings link altered ECM
composition/rigidity and the expression of oncogenic microRNAs. The current study also suggests a novel post-transcrip-
tional mechanism for regulation of miR-21 expression at maturation from pre-miR-21 to mature miR-21.

� 2011 Wiley-Liss, Inc.

Key words: microRNA; extracellular matrix; organotypic culture

INTRODUCTION

The biophysical and biochemical properties of
extracellular matrix (ECM) within the basement
membrane are essential for homeostasis of epithelial
apical-basolateral polarity [1,2]. Recent advances
highlight the effects of ECMwithin the tumormicro-
environment on cancer progression. Epidemiologi-
cal studies have revealed a linkbetweenbreast cancer
and elevated mammary density, an X-ray reflection
of the rigid and fibrotic tumor microenvironment
[3]. The tumor promoting activity of the fibrotic
tumor microenvironment is validated experimen-
tally in that deposition of fibrillar collagen, such as
collagen type I (Col-1), and a consequent increase in
ECM rigidity promotes loss of epithelial polarity and
cancer progression [4–6]. As proven by these studies
and many others, three-dimensional organotypic
culture using basement membrane matrix mimics
(Matrigel as its commercial brand, Matrigel 3-D) is
a valuable tool to examine the ECM-derived signal-
ing in cancer progression [7].
microRNAs (miRNAs) are small non-coding RNAs

that regulate gene expression, often via complemen-
taritywith its target sequenceswithin30 untranslated

region (30 UTR) of a mRNA [8]. Profiling miRNAs in
human cancer specimens and cell lines reveals a
growing number of tumorigenic miRNAs [9]. Elev-
ated expression of miR-21 is one of the miRNA sig-
nature of human solid tumors [10]. miR-21 can be
transcriptionally up-regulated by several cancer-
promoting signaling pathways, such as IL-6, AP-1,
and androgen receptor [11–13]. TGF-b and BMP sig-
naling up-regulates miR-21 post-transcriptionally
via SMAD-promoted processing of pri-miR-21 to
pre-miR-21 in vascular smooth muscle cells [14].
Several validated targets of miR-21 further

Additional Supporting Information may be found in the online
version of this article.

Abbreviations: ECM, extracellular matrix; Col-1, collagen type 1;
Matrigel 3-D, matrigel three-dimensional culture; miRNAs, micro-
RNAs; PDCD4, programmed cell death 4; qRT-PCR, quantitative
RT-PCR; GFP, green fluorescent protein.
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strengthen the oncogenic function of miR-21. For
instance, miR-21 targets programmed cell death 4
(PDCD4) and phosphatase and tensin homologue
(PTEN) to inhibit apoptosis and promote survival
of cancer cells [15,16].

Because of the established roles for rigid ECM and
miRNAs in tumor initiation/progression, the current
study explored a link between Col-1 deposition in
the ECM and expression of miRNAs using 3-D orga-
notypic culture.

MATERIALS AND METHODS

Reagents and Plasmids

Matrigel and Col-1 were purchased from BD Bio-
sciences, Bedford, MD and Sigma, St. Louis, MO,
respectively. A 314 nucleotide fragment of pri-miR-
21 was inserted in the pMSCV-Puro-GFP retroviral
vector (pMSCV-pri-miR-21) as previously described
[17]. A pre-miR-21 (the 72 nucleotide stem-loop)
expressing vector (pCMV-pre-miR-21) is a kind gift
from Dr. Bryan Cullen at Duke University [18]. The
antibodies specific for PDCD4 (CS-9535) and b-actin
(CS-4970) were purchased from Cell Signaling,
Danvers, MA. The DICER-specific antibody (ab-
13052) was purchased from Abcam, Cambridge, MA.

Cell Culture and Three-Dimensional Organotypic Culture

A549, a human lung adenocarcinoma cell line was
cultured inDMEMaspreviouslydescribed [19].MCF-
7N, N variant of the MCF-7 human breast adenocar-
cinoma cell line, and its apoptosis resistant deriva-
tive MCF-7TN were cultured as described elsewhere
[20]. mK-ras-LE, a murine lung epithelial cell line
established from a lung tumor bearing K-rasLA1

mouse, was cultured in RPMI-1640 [21]. Matrigel
3-D culture was carried out as described elsewhere
[5,6]. Briefly, the cells were embedded in Matri-
gel � Col-1 (1.5 mg/ml) and formation of acinus
was monitored for 12 d prior to harvest for RNA or
protein analysis.

Transient Transfection and Retroviral Transduction

As previously described, transient and stable
ectopical expression of miR-21 precursors was
accomplished by transfection and retroviral trans-
duction, respectively [17].

RNA Extraction, Quantitative RT-PCR, and miRNA Array

Total cell RNA was extracted using Trizol (Invitro-
gen, Carlsbad, CA) and the expression of miR-21 and
its precursors was determined using quantitative RT-
PCR (qRT-PCR) as previously described [17]. Briefly,
totalRNAwaspoly-adenylatedand reverse-transcribed
using the NCode miRNA First Strand Synthesis kit
(Invitrogen) according to the manufacturer’s instruc-
tions. The resulting cDNA was subjected to quantitat-
ive PCR (qRT-PCR) using the NCode universal reverse
primer in conjunction with a miR-21-specific forward

primer. The values of miR-21 were normalized to that
of U6. The sequences of all the primers employedwere
listed in the Supplementary Table 1. miRNA array
analysis on total cell RNAwasprovidedbyLCSciences,
Houston, TX (miRBase version 14).

Immunoblots

Total cell protein was extracted from cell colonies
isolated from Matrigel � Col-1 3-D culture using
Laemmli buffer as described elsewhere [7]. The
expression of the proteins of interestwas determined
using immunoblots as previously described [19].

Murine Model of Lung Fibrogenesis

To induce lung fibrogenesis, C57BL/6 mice
were administered with recombinant adenoviruses
encoding either the control green fluorescent
protein (GFP-Adv) or active recombinant TGF-b1
(TGF-b1-Adv) at 5 � 108 pfu/mouse as previously
described [22,23]. Deposition of Col-1 was evaluated
on day 14 post-exposure using Trichrome staining
and quantitative RT-PCR.

RESULTS

To model deposition of Col-1 in vitro, we
employed Matrigel 3-D organotypic culture with
or without supplementation of Col-1 as previously
described [5,6]. Matrigel alone mimics the in vivo
ECMrigidity surroundinganormalmammarygland,
whereas supplementation of Col-1 substantially
increases the ECM rigidity and disrupts acinus, a
cellular sphere with a central lumen that is an in
vitro equivalent of apical-basolateral polarity [5].
We chose A549, MCF-7N, and mK-ras-LE cells
because of their ability to form acinus in Matrigel
3-D [Figure 1A(1, 3, and5) and Supplementary Figure
1]. It is noteworthy that mK-ras-LE formed smaller
acinus than A549 and MCF-7N. mK-ras-LE cells
express lung epithelial cell markers E-cadherin and
surfactant protein-C, but not N-cadherin, a mesen-
chymal cellmarker (data not shown). In all three cell
lines, acinus were disrupted when cultured in Matri-
gel þ Col-1 3-Dwhere ECM rigidity is expected to be
twice asmuch as that inMatrigel 3-D [Figure 1A(2, 4,
and 6) and Supplementary Figure 1] [5]. The dis-
rupted acinus featured loss of the central lumen
and irregular cell clusters with finger-like protru-
sions, a phenomenon that is indicative of loss of
epithelial polarity and acquisition of invasive/meta-
static potential [5,6]. E-cadherin is one of the most
important markers and regulators of acinus in orga-
notypic culture [2]. Thus, we examined the expres-
sion of E-cadherin in Matrigel � Col-1 3-D cultures
of mK-ras-LE, A549, and MCF-7N cells. Consistent
with disruption of acinus, the protein levels of E-
cadherin in Matrigel þ Col-1 3-D was substantially
reduced asmeasured by immunoblots and immuno-
fluorescence (Figure 1B and Supplementary Figure
1B). Moreover, the residual expression of E-cadherin
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inMatrigel þ Col-1 3-D featured diffuse distribution
in mK-ras-LE cells, whereas an intercellular mem-
brane staining pattern of E-cadherin was predomi-
nant in Matrigel 3-D, which indicated intact
intercellular adhesion and apical-basolateral epi-
thelial polarity (Supplementary Figure 1B).
The expression of mature miR-21 (hereafter

referred to as miR-21) was compared between Matri-
gel � Col-1 3-D using quantitative qRT-PCR [17].
Supplementation of Col-1 caused a substantial
increase in miR-21 over that in Matrigel 3-D as
A549, MCF-7, and mK-ras-LE cells displayed
three-, two-, and sixfold increase in miR-21, respect-
ively (Figure 1C). We then questioned whether
the increase in miR-21 resulted from transcriptional
activation. In contrast to the substantial increase
in miR-21, we observed modest to minimal
alteration in the expression of pri-miR-21 in
Matrigel þ Col-1 3-D (Figure 1C). When the
expression of pre-miR-21 was determined using
qRT-PCR with primers priming pri-miR21 and
pre-miR-21 followed up by the equation pre-
miRNA ¼ 2�CTðpri-miRNAþpre-miRNAÞ�2�CTpri-miRNA [24],

pre-miR-21 remained largely unchanged in the presence of

Col-1 (Supplementary Figure 2). In accord with an increase

in miR-21, the protein levels of PDCD4, one of the validated

miR-21 targets, were substantially lower in Matrigel þ Col-

1 3-D culture of mK-ras-LE, A549, and MCF-7N cells than

that in Matrigel 3-D (Figure 1D).

We then questioned whether elevated expression
of miR-21 was one of a panel of miRNAs that were
selectively regulated by Col-1 or merely a reflection
of global increase in miRNAs. miRNA arrays were
carried out on RNA samples collected from mK-ras-
LE cells in Matrigel � Col-1 3-D. As advised by the
service provider, we limited our analysis to the miR-
NAs with reliable measurement as defined by values
greater than 500 in at least one culture condition.
Twenty-six miRNAs out of 73 eligible miRNAs were
differentially expressed betweenMatrigel � Col-1 3-
D cultures (Figure 2A, a change greater than twofold,
and a P-value < 0.05, n ¼ 3). Fourteen miRNAs
were up-regulated while 12 miRNAs were down-
regulated. A large portion of the up-regulated miR-
NAs possess tumor-promoting properties. In
addition to miR-21, members of the oncogenic

Figure 1. Col-1-mediated up-regulation ofmiR-21 expression inMatrigel 3-D culture. A549,MCF-7, andmK-ras-
LE cells were cultured in Matrigel 3-D culture (Matrigel) with or without supplementation of Col-1 (1.5 mg/ml,
Matrigel þ Col-1) for 12 d. (A) Morphogenesis of the culture was monitored using a phase-contrast microscope.
Representative images of each culture on day 12 are presented. (B) The protein levels of E-cadherinwere determined
in total cell lysates collected from mK-ras-LE, A549, and MCF-7N cells in Matrigel � Col-1 3-D using immunoblots.
The immunoblots are representative of two independent experiments. (C) The expression of pri-miR-21 and miR-21
was determined using qRT-PCR. A fold change of pri-miR-21 ormiR-21 inMatrigel þ Col-1 3-D over that inMatrigel
3-D was obtained after normalization to the house keeping gene 36B4 (for pri-miR-21) or U6 (for miR-21) and by
setting the values from Matrigel 3-D to one. The results were presented as mean � standard deviations obtained
from three independent cultures. (D) The protein levels of PDCD4were determined in total cell lysates collected from
mK-ras-LE, A549, andMCF-7N cells inMatrigel � Col-1 3-D using immunoblots. The immunoblots represented two
independent experiments.
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miR-17-92 cluster (miR-17, miR-19b, and miR-20a),
and miR-155 were substantially up-regulated
[10,25]. However, several miRNAs with tumor sup-
pressive activity were also up-regulated modestly,
such as let-7f/e and miR-200a [26]. Among the
decreasedmiRNAs, themiR-143–145 cluster is tumor
suppressive miRNAs while relevance of the remain-
ing miRNAs is unclear [27]. In addition, the total
readings of miRNAs were nearly identical between
the two culture conditions (229 944 in Matrigel 3-D
vs. 238 299 in Matrigel þ Col-1 3-D). We further
compared the expression of DICER, a central com-
ponent of the pre- to mature miRNA processing
machinery between the two culture conditions.
Consistent with nearly identical expression of
total miRNAs, the protein levels of DICERwere com-
parable between the two culture conditions
(Figure 2B).

To confirm existence of a post-transcriptional
regulation of miR-21, we generated A549 and
MCF-7N variants that ectopically expressed a frag-
ment of human pri-miR-21 from a retroviral vector
pMSCV-Puro-GFP as previously described [17]. The
expression of pri-miR-21 andmiR-21were compared
between the variants transduced with the backbone
pMSCV-Puro-GFP vector (A549/MCF-7vec) and the
pMSCV-Puro-GFP-miR-21 vector (A549/MCF-7miR-
21). Ectopic expression of the miR-21 precursor in
A549/MCF-7miR-21 resulted in a five- to sixfold

increase in pri-miR-21 over that in A549/MCF-
7vec, whereas miR-21 exhibited no change in
A549/MCF-7miR-21 when compared to A549/
MCF-7vec (Figure 3A). On the other hand, ectopic
expression of two other precursors for miR-155 and
miR-17–92 cluster yielded robust expression of
the corresponding mature forms (data not shown).
Transient transfection of A549 cells with pCMV-pre-
miR-21 that encodes only pre-miR-21 resulted in
30% decline in miR-21 despite a 140-fold increase
in pre-miR-21 (Figure 3B and C) [18]. We speculated
that limited maturation of ectopically expressed
miR-21 precursor reflected rate-limiting maturation
miR-21 precursors due to abundance of the endogen-
ous miR-21 (Figure 2A). We further reasoned that
the miR-21 expressing vectors would efficiently
produce miR-21 in the cell with low levels of
endogenous miR-21. Thus, pCMV-pre-miR-21 and
its backbone vector were transfected into MCF-
7TN cells, an apoptosis resistant derivative of MCF-
7N in which miR-21 expression was nearly silenced
(Supplementary Figure 3A). The vector-derived pro-
duction of miR-21 was only observed in MCF-7TN,
which reached to around 30% of that in MCF-7N
(Figure 3D). The RNA levels of pre-miR-21 (the sum
of endogenous and exogenous) were comparable
between MCF-7N and MCF-7TN transfected with
pCMV-pre-miR-21 (Supplementary Figure 3B). These
findings indicate that production ofmiR-21 from the
vector derived pre-miR-21 is at least in part dictated
by the levels of endogenous miR-21.
We then set to determine whether Col-1 depo-

sition correlated with an increase in miR-21 in a
murine model of lung fibrogenesis induced by
TGF-b1-Adv as previously described [22,23]. Depo-
sition of Col-1 in themouse lung exposed to TGF-b1-
Adv was confirmed using Trichrome staining, a
specific staining for collagen as well as qRT-PCR
for Col-1 (Figure 4A and B). Similar to our in vitro
findings, deposition of Col-1 in the mouse lung cor-
related with a nearly threefold increase in miR-21
over that in the mice exposed to the control
GFP (GFP-Adv) and was accompanied by the
absence of any congruent alteration in pri-miR-21
(Figure 4C and D). These findings demonstrated a
correlation between deposition of Col-1 and post-
transcriptional up-regulation of miR-21 in vivo.

DISCUSSION

It is well documented that elevated ECM rigidity
promotes tumor progression [4–6]. In the organo-
typic culture that we employed, addition of Col-1
to Matrigel is expected to increase ECM rigidity by
nearly two times [5]. In addition to miR-21, Col-1
alters the expression of several miRNAs bearing well-
documented relevance to cancer, such as increased
expression of the tumorigenic miR-17–92 cluster
and miR-155, and reduced expression of the tumor

Figure 2. Col-1-induced differential expression of miRNAs in
Matrigel 3-D culture. (A) miRNA arrays were carried out on total cell
RNA collected from mK-ras-LE cells in Matrigel � Col-1 cultures. The
miRNAs that were altered by Col-1 were defined as (1) values greater
than 500 in at least one culture condition; (2) greater than twofold
difference; (3) a P-value smaller than 0.05 as determined by unpaired
two tail Student’s t-test. The results were presented as means and
standard deviations from three independent experiments. (B) The
culture condition was similar to part A. The cell lysates were collected
from the cell colonies extracted from the culture. The protein levels of
DICER were determined using immunoblots. The loading control b-
actin is presented in Figure 1B. The results represented two independ-
ent experiments.
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suppressive miR-143–145 cluster (Figure 2A) [25,27].
Up-regulated miR-21 correlates with deposition of
Col-1 in lung fibrogenesis (Figure 4). TGF-b1 may
directly up-regulate miR-21 in the lung because
TGF-b1 up-regulates DROSHA-mediated pri- to pre-
miR-21 processing in human vascular smooth
muscle cells [14]. We reason that Col-1, at least in
part, contributes to miR-21 up-regulation in lung
fibrogenesis because TGF-b1 alone does not alter
the expression of miR-21 in either A549 cells or
primary culture of human lung fibroblasts which
are surrogate of alveolar epithelial cells and fibro-
blasts, two major cell types in lung fibrogenesis,
respectively. Up-regulated expression of miR-21 is
not consequent of a global alteration in miRNA
expression because the total reading of miRNAs
and the protein levels of DICER are comparable
between Matrigel � Col-1 3-D cultures (Figure 2).
These findings implicate that Col-1 selectively
regulates the expression of a panel of miRNAs to
promote cancer progression.

Elevated expression of miR-21 is correlated with
decreased expression of PDCD4, amiR-21 target that
can promote apoptosis, a key mechanism in for-
mation of central lumen in acinus (Figure 1C)
[1,2,16]. Our study warrants further investigation
of whether suppression of PDCD4 expression by
Col-1 is miR-21 mediated and in turn promotes
apoptosis resistance and loss of the central lumen.
Given the profound change inmiRNA profile caused
by Col-1 and the complexity of homeostasis of epi-
thelial polarity, it ishighly likely that each individual
Col-1-regulated miRNA modulates only certain
aspect/s of acinus (Figure 2A). The full spectrum dis-
ruption of acinus may require collective efforts of
miR-21 and other Col-1 responsive miRNAs, such as
miR-17–92 and miR-143–145 clusters. Besides
PDCD4, E-cadherin is down-regulated by Col-1
(Figure 1B). However, it is unclear whether such a
down-regulation is miRNA-mediated. The 30 UTR of
the E-cadherin transcript is predicted to harbor only
onemiR-9 target site. miR-9 expression is not altered

Figure 3. Rate-limiting maturation of the miR-21 precursors. (A) A549 andMCF-7 derivatives were generated by
transduction of the two cell lines with either a retroviral vector expressing a fragment of pri-miR-21 (A549/MCF-
7miR-21) or the backbone vector (A549/MCF-7vec). The expression of pri-miR-21 and mature miR-21 was deter-
mined using qRT-PCR. A fold change of either pri-miR-21 or miR-21 in A549/MCF-7miR-21 over that in A549/MCF-
7vec was determined as described in Figure 1. The results presented were average from two independent
experiments. (B) A549 cells were transfected with a pCMV vector expressing pre-miR-21 (A549-pCMV-miR-21)
or the backbone vector (A549-pCMV-PL). Total cell RNA was extracted at 72 h after transfection. The expression of
miR-21 was determined using qRT-PCR as described in part A. (C) Similar to (B) except that the vector derived
expression of pre-miR-21was determined using a pair of primers that amplify both pri- and pre-miR-21. (D) MCF-7N
and MCF-7TN cells were transfected with pCMV-pre-miR-21 (pre-miR-21) or its backbone vector (vec). The
expression of miR-21 was determined using qRT-PCR. A fold change in RNA levels of miR-21 was obtained by
setting the values fromMCF-7N transfected with the backbone vector to one. The results were presented as means
and standard deviations obtained from three independent transfections.
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by Col-1 in mK-ras-LE cells (Figure 2A). miR-200
family activates the expression of E-cadherin by tar-
geting ZEB1/2, the transcriptional repressor of the E-
cadherin gene [26]. Intriguingly, expression of the
members ofmiR-200 family is not repressed byCol-1
(Figure 2A and unpublished observations).

miR-21 expression canbe regulatedboth transcrip-
tionally and post-transcriptionally. AP-1 mediates
activation of pri-miR-21 expression by the carcino-
genic phorbol 12-myristate 13-acetate via multiple
AP-1 and PU.1 binding sites in the miR-21 promoter
in human promyelocytic cells [13]. The tumor-

promoting cytokine IL-6 activates expression of
pri-miR-21 in multiple myeloma cells via the tran-
scription factor STAT3 [12]. Post-transcriptionally,
pri-miR-21 to pre-miR-21 processing is promoted
by SMAD and inhibited by the NF90-NF45 complex
[14,28]. Thesemechanismsmight contribute to Col-
1-mediated up-regulation of miR-21, either directly
or indirectly. In addition, our data suggest a third
layer of regulation at the maturation from pre-miR-
21 to miR-21 because Col-1 up-regulates only miR-
21, but not its precursors. Moreover, ectopical
expression of pre-miR-21, fails to produce miR-21

Figure 4. Post-transcriptional up-regulation of the expression of miR-21 in mouse lung fibrogenesis. Lung
fibrogenesis was induced by exposure of the mouse lung to either TGF-b1-Adv or GFP-Adv (3 � 108 pfu) for
14 d. (A)Depositionof collagenwas assessedusingblue Trichrome staining. Representative histologywas presented.
(B) Total RNAwas extracted from the lungs of the exposedmice. The expression of Col-1 was determined using qRT-
PCR. The ratios of Col-1 versus the house keeping gene 36B4 were compared across the groups. (C,D) Similar to B
except that the ratios of the pri- or mature miR-21 versus their corresponding control 36B4 or U6 were compared
across the groups. The results were presented as mean � standard deviations from 7 mice per group. ��� and ��
denote a P-value smaller than 0.001 and 0.01, respectively as determined using unpaired two-tailed Student’s t-test
(Prizm).
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(Figure 3). In MCF-7TN cells with low endogenous
level of miR-21, ectopical expression of pre-miR-21
can produce miR-21 and partially restore miR-21
expression to around 30% of the endogenous miR-
21 levels in MCF-7N (Figure 3D and Supplementary
Figure 3B). Because expression of miR-21 from
exogenous pre-miR-21 is dictated by the levels of
endogenous miR-21, it is plausible that a sensing
system exists in the cell to prevent excessive pro-
duction of miR-21 by limiting maturation of pre-
miR-21 tomiR-21. Appealinghypotheses to be tested
are whether nuclear export of pre-miR-21 is tightly
regulated and whether Col-1 impairs such a regula-
tion to up-regulate miR-21 post-transcriptionally. It
is noteworthy that MCF-7TN cells are more tumori-
genic thanMCF-7N (BurowME, personal communi-
cation), which raises the possibility that miR-21 can
be dispensable for cancer in certain contexts. In line
with this speculation, MCF-7TN cells exhibited dis-
rupted acinus and reduced expression of E-cadherin
and PDCD4 in Matrigel 3-D culture (Supplementary
Figure 4). These findings implicate that loss of miR-
21 mediated suppression of PDCD4 can be compen-
sated under certain conditions.
ECM signals through heterodimers of integrins on

the cell surface. a2b1 is the most well-characterized
receptor for Col-1 and mediates tumor promoting
effects of Col-1 in prostate and pancreatic cancer
cells [29–31]. Profound alteration of miRNA expres-
sion by Col-1 in organotypic culture provides an
ideal platform to investigate integrin-regulated
expression of miRNAs in the context of cancer pro-
gression (Figures 1 and 2). Generation of integrin
deficient variants is underway in our laboratory to
define the roles for integrins in miRNA response to
Col-1.
Because miR-21 has been identified as one of the

signature miRNAs of human solid tumors and elev-
atedmiR-21 expression correlates with deposition of
Col-1 invitro and invivo (Figures 1 and3), our results
implicatemiR-21 as a biomarker and potential thera-
peutic target of the cancer cell response to increased
ECM rigidity [10]. Our findings warrant further
investigation to define the molecular mechanisms
for post-transcriptional up-regulation of miR-21 by
Col-1 and the role of miR-21 in epithelial polarity.
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Abstract   
 
Three-dimensional organotypic culture using reconstituted basement membrane matrix 
Matrigel (rBM 3-D) is an indispensable tool to characterize morphogenesis of mammary 
epithelial cells and to elucidate the tumor-modulating actions of extracellular matrix 
(ECM).  microRNAs (miRNA) are a novel class of oncogenes and tumor suppressors.  
The majority of our current knowledge of miRNA expression and function in cancer cells 
is derived from monolayer 2-D culture on plastic substratum, which lacks a 
consideration of the influence of ECM-mediated morphogenesis on miRNAs.  In the 
current study we compared the expression of miRNAs in rBM 3-D and 2-D cultures of 
the non-invasive MCF-7 and the invasive MDA-MB231 cells.  Our findings revealed a 
profound difference in miRNA profiles between 2-D and rBM 3-D cultures within each 
cell type.  Moreover, rBM 3-D culture exhibited greater discrimination in miRNA profiles 
between MCF-7 and MDA-MB231 cells than 2-D culture.  The disparate miRNA profiles 
correlated with distinct mass morphogenesis of MCF-7 and invasive stellate 
morphogenesis of MDA-MB231 cells in rBM 3-D culture.  Supplementation of the tumor 
promoting type I collagen in rBM 3-D culture substantially altered the miRNA signature 
of mass morphologenesis of MCF-7 cells in rBM 3-D culture.  Lastly, overexpression of 
the differentially expressed miR-200 family member miR429 in MDA-MB231 cells 
attenuated their invasive stellate morphogenesis in rBM 3-D culture.  In summary, we 
provide the first miRNA signatures of morphogenesis of human breast cancer cells in 
rBM 3-D culture and warrant further utilization of rBM 3-D culture in investigation of 
miRNAs in breast cancer.   
 
Key Words: microRNA;  three-dimensional organotypic culture;  extracellular matrix;  
breast cancer;  morphogenesis.   
 
 



Introduction 
 

The tumor microenvironment, a newly established crucial determinant in 
tumorigenesis, is composed of extracellular matrix (ECM), growth factors, and 
inflammatory cytokines that are produced by the co-evolved neoplastic epithelial cells 
and associated stromal cells (1, 2).  During acquisition of invasive and metastatic 
competence, cancer cells progress to loose differentiation response to basement 
membrane matrix (BM), such as a loss of epithelial cell apical-basolateral polarity (3).  
The three-dimensional organotypic culture using reconstituted basement membrane 
Matrigel (hereinafter referred to as rBM 3-D) provides an ideal platform to elucidate the 
molecular mechanisms that mediate the dysregulated morphogenesis during mammary 
tumorigenesis because rBM 3-D culture faithfully recapitulates many in vivo properties 
of mammary epithelial cells (4-7).  Genome wide expression profiling of breast cancer in 
rBM 3-D culture has established gene expression signatures associated with distinct 
morphologenesis of breast cancer cell lines with diverse invasive and metastatic 
properties (8).  The clinical significance of the gene expression profiles derived from 
rBM 3-D culture is confirmed in that the gene expression signature from rBM 3-D culture 
of breast cancer cells holds prognostic values for patients with breast cancer (9).   

 
microRNAs (miRNAs) are small non-coding RNAs that inhibit gene expression 

often via complementarity with its target sequences within the 3’ untranslated region (3’ 
UTR) of a mRNA (10).  Profiling miRNAs in human cancer specimens and cell lines 
reveals a growing number of tumorigenic and tumor suppressive miRNAs (11).  Among 
the tumor suppressive miRNAs, the let-7 family and miR-200 family are frequently 
silenced in cancer (12).  The let-7 family suppresses tumor growth via targeting cell 
cycle regulators (CDC25A and CDK6), promoters of growth (RAS and c-myc), and early 
embryonic genes (HMGA2) (13-15).  The miR-200 family inhibits epithelial to 
mesenchymal transition (EMT) via targeting two EMT mediators, E box binding 
transcription factors ZEB1 and ZEB2, and thereby suppresses invasion and metastasis 
(16, 17).  

 
Despite the importance of rBM 3-D culture and miRNAs in the research of breast 

cancer, miRNAs have not been characterized in rBM 3-D culture of breast cancer cells.  
The current study is aimed to elucidate the biology of miRNAs in morphogenesis of 
breast cancer cells with diverse invasive and metastatic potentials in rBM 3-D culture.   

 
Materials and Methods 
 
Reagents and Plasmids.  Matrigel was purchased from BD Biosciences (Rockville, MD).  
Cell culture grade type I collagen was purchased from Sigma (St. Louis MO).  A human 
miR-429 expression retroviral vector was generated by inserting the human pre-miR-
429 into the pMSCV-puro-GFP-miR backbone vector as we previously described (18).  
Alexa 594 conjugated filamentous actin (F-actin) binding phalloidin was purchased from 
Invitrogen (Carlsbad, CA). 
 



Cell Culture and Retroviral Transduction.  Two human breast cancer cell lines, MCF-7 
cells (N variant) and MDA-MB231 cells were cultured in DMEM (Sigma) as previously 
described (19, 20).  Stable ectopical expression of miR-429 in MDA-MB231 cells was 
accomplished by retroviral transduction as we previously described (21).  Briefly miR-
429 expressing and its backbone control retroviral vectors were produced using 293T 
cells.  MDA-MB231 cells were then infected with the retroviruses and the stable 
transductants were selected and maintained using puromycin containing culture 
medium.   
 
rBM three dimensional organotypic culture.  Overlay rBM 3-D culture was carried out as 
described elsewhere (4).  Briefly, MCF-7 and MDA-MB231 cells were seeded at 2 x 105 
cells/well in a 6-well cell culture plate that was coated with Matrigel.  DMEM culture 
medium was supplemented with 4% of Matrigel and fresh medium was fed every two 
days.  In the selected rBM 3-D culture of MCF-7 cells, Col-1 (2 µg/ml) was added as 
described elsewhere (22).  The morphology of cell clusters was monitored for 12 days 
and recorded using an inverse phase contrast microscope equipped with a digital 
camera based on the time course of morphogenesis of mammary epithelial cells in rBM 
3-D culture as established in the previous studies Debnath, 2003 #11}.  The cell 
morphogenesis was also visualized by staining for filamentous actin using Alexa 594 
conjugated phalloidin followed by confocal fluorescent microscopy analysis on a Bio-
Rad Radiance 2100 system (Hercules, CA), which is an established method to monitor 
morphogenesis of mammary epithelial cells (8).   
 
RNA Extraction and Analysis of mRNA and miRNA Expression.  Total cell RNA was 
extracted using Trizol (Invitrogen) from 2-D culture when the cells reached ~80% 
confluence and from rBM 3-D cultures on day 12 after the cells were seeded.  
Quantitative RT-PCR (qRT-PCR) was carried out to determine the expression of E-
cadherin, vimentin, and ZEB2 as previously described (23, 24).  The expression of let-
7c, and members of miR-200 family (miR-200c, miR-141, and miR-429) was meaured 
using TaqMan miRNA Assays as we previously described (18).  The gene expression 
was normalized to 36B4 for the protein coding genes and to U6 for the miRNAs, 
respectively.  A fold change of each transcript was obtained by setting the values from 
the control group to one.  All the measurements were repeated on the RNA samples 
collected from three independent experiments.     
 
miRNA array analysis.  LC Sciences (Houston, TX) provided the microRNA expression 
profiling service using µParaflo® technology and proprietary probe hybridization (Cy3 
and Cy5 dendrimer dyes) that enables highly sensitive and specific direct detection of 
human based on Sanger Institute human miRbase version 14 (894 human miRNAs).  
The miRNA microarrays of each culture condition were carried out on the RNA samples 
collected from three independent experiments.  As advised by the service provider, any 
miRNA with a fluorescent intensity value below 100 in all of the compared groups was 
excluded in the analysis.  Multi-array log2 transformation, normalization, t-test, and 
unsupervised hierarchy clustering analysis (average linkage and a Euclidean distance 
metric) were carried out using the geWorkbench genomic analysis software suite to 
identify the differentially expressed miRNAs between any two selected groups 



(http://www.geworkbench.org) (25).  False Discovery Rate (FDR) was calculated using 
the Significance Analysis of Microarrays suite (SAM) (26).  The miRNAs that carried a 
greater than 2-fold difference, P < 0.01, and FDA < 0.05 between any two compared 
groups were considered significantly differentially expressed between the two groups.  
 
Statistical analysis.  Statistical significance in the values compared between any two 
selected groups was determined using the unpaired two-tailed Student T test (Prizm 
Version 5).  A P value < 0.05 was considered significant. 
 
Results   
 
Correlation of miRNA expression and morphogenesis of breast cancer cells.  A recent 
study has uncovered gene expression profiles underlying distinct morphogenesis of 
breast cancer cell lines with diverse tumorigenic properties in rBM 3-D culture (8).  
Because miRNAs can modulate expression of the protein coding genes, we profiled 
miRNA expression underlying distinct morphogenesis of the non-invasive MCF-7 and 
the invasive MDA-MB231 cells in rBM 3-D culture.  As revealed by inverse phase-
contrast microscopy and fluorescent staining for F-actin, MCF-7 cells exhibited a mass 
morphology, a hallmark feature of non-invasive breast cancer cells that was defined by 
cell clusters with disorganized nuclei, robust cell-cell adhesion, and low frequency of 
formation of a central lumen, (Figure 1, A1 and B1) (8).  In contrast, MDA-MB231 
exhibited an invasive stellate morphology, a hallmark feature of invasive breast cancer 
cells that was defined by disorganized nuclei and elongated cell body with prominent 
invasive projections that often bridge multiple cell colonies, (Figure 1, A2 and B2) (8).  In 
accordance, MCF-7 cells exhibited epithelial phenotype in 2-D culture, which included 
high expression of E-cadherin, an epithelial cell marker, and low expression of vimentin, 
a mesenchymal cell marker (data not shown).  On the other hand, MDA-MB231 cells 
exhibited mesenchymal phenotype in 2-D culture, which included low expression of E-
cadherin and high expression of vimentin (data not shown).  The differential expression 
of E-cadherin and vimentin between MCF-7 and MDA-MB231 cells was retained in rBM 
3-D culture (data not shown).   
 

To identify the miRNA candidates that discriminated mass and stellate 
morphogenesis we compared miRNA arrays in 2-D and rBM 3-D cultures of MCF-7 and 
MDA-MB231 cells.  As expected, the miRNA expression profiles exhibited profound 
difference among diverse culture conditions.  In rBM 3-D culture 75 miRNAs were 
differentially expressed between mass morphology of MCF-7 cells and stellate 
morphology of MDA-MB231 cells (Figure 1C).  Within this panel 61 miRNAs exhibited 
>2-fold difference between MCF-7 and MDA-MB231 cells with 40 miRNAs being higher 
and 21 miRNAs being lower in MCF-7 over that MDA-MB231.  In 2-D culture 70 
miRNAs were differentially expressed between the epithelial phenotype of MCF-7 cells 
and the mesenchymal phenotype of MDA-MB231 cells (Figure 1D).  Within this panel 
60 miRNAs exhibited >2-fold difference between MCF-7 and MDA-MB231 cells with 45 
being higher and 15 being lower in MCF-7 over MDA-MB231.  Because this study was 
aimed to identify the miRNAs that discriminated mass and stellate morphologies, we 
identified 29 miRNAs whose expression differed between MCF-7 and MDA-MB231 cells 



only in rBM 3-D culture (Table 1).  This panel of miRNAs featured a large number of 
miRNAs with known tumor modulating functions.  For instance, two members of the 
tumor suppressive miR-200 family, miR-141 and miR-429 were higher in MCF-7 than 
that in MDA-MB231 cells (Table 1) (16, 17).  Intriguingly, the tumor suppressive let-7 
family in general exhibited a paradoxical lower expression in MCF-7 cells than that in 
MDA-MB231 cells (Table 1) (13-15).  Except for the miRNAs listed in Table 1, the rest 
of the miRNAs in Figure 1C were commonly differentially expressed between MCF-7 
and MDA-MB231 cells regardless of culture conditions, which featured higher 
expression of the tumor suppressive miR-200c and lower expression of the tumor 
promoting miR-221/222 cluster in MCF-7 cells than that in MDA-MB231 cells (16, 17, 
27).  These findings revealed a correlation between miRNA expression and 
morphogenesis of breast cancer cells in rBM 3-D culture. 

 
We speculated that a disparate response of miRNA expression during transition 

from 2-D to rBM 3-D culture in MCF-7 and MDA-MB231 cells gave rise to the rBM-3D-
specific differential miRNAs between MCF-7 and MDA-MB231 cells.  Therefore, we 
compared the miRNA profiles between 2-D and rBM 3-D cultures within each cell type 
to identify the rBM 3-D responsive miRNAs.  In MCF-7 cells 49 miRNAs were 
differentially expressed between rBM 3-D and 2-D cultures at a >2-fold difference with 
24 miRNAs being higher and 25 miRNAs being lower in rBM 3-D than that in 2-D (Table 
2).  In MDA-MB231 cells, 28 miRNAs were differentially expressed between 2-D and 
rBM 3-D cultures at a >2-fold difference with 22 miRNAs being higher and 6 miRNAs 
being lower in rBM 3-D than that in 2-D (Table 3).  Moreover, the majority of the rBM 
responsive miRNAs were unique to MCF-7 and MDA-MB231 cells except for only 9 rBM 
3-D responsive miRNAs that were common to MCF-7 and MDA-MB231 cells (a 
comparison of Tables 2 and 3, the miRNAs unique to each cell type were in bold 
format).  The miRNAs showing differential response to rBM were likely the miRNAs that 
mediated mass and stellate morphology.  This panel of miRNAs featured two members 
of miR-200 family, miR-141 and miR-429 that were induced in rBM 3-D culture only in 
MCF-7, but not MDA-MB231 cells.   
 
Dysregulation of miRNA expression by Col-1 in rBM 3-D culture of MCF-7 cells.  The 
tumor-promoting Col-1 is able to disrupt acinar and mass morphogenesis of mammary 
epithelial cells in rBM 3-D culture and promote progression of mammary tumorigenesis 
in mouse models (22, 24, 28).  Therefore, we questioned whether Col-1 dysregulated 
the expression of miRNAs of MCF-7 cells in rBM 3-D.  We compared the miRNA 
profiles of MCF-7 cells in rBM 3-D and rBM 3-D+Col-1.  Col-1 altered the expression of 
80 miRNAs (Figure 2A).  Within this panel, 61 miRNAs exhibited >2-fold difference 
between rBM 3-D and rBM 3-D+Col-1 with 25 miRNAs being up-regulated and 36 
miRNAs being down-regulated by Col-1 (Table 4).  Because Col-1 disrupted 
acinar/mass morphogenesis of MCF-7 cells, we then questioned whether Col-1 
dysregulated the expression of the MCF-7-specific rBM responsive miRNAs that were 
potential miRNA mediators of mass morphogenesis of MCF-7 cells in rBM 3-D culture 
(Table 2, indicated by bold font).  Indeed, the expression of 23 MCF-7-specific rBM 
responsive miRNAs was dysregulated by Col-1 because the expression profile of these 
miRNAs was shifted towards the expression profile in 2-D culture (Table 4, indicated by 



bold font).  This panel of miRNAs featured a decreased expression of 3 members of the 
miR-200 family, miR-200a, miR-141, and miR-429, and an increased expression of 8 
members of the let-7 family (Table 4).  This trend was further supported by clustering 
analysis of miRNA arrays of 2-D, rBM 3-D, and rBM 3-D+Col-1 cultures in that the 
miRNA profile of rBM 3-D+Col-1 was clustered more proximal to the miRNA profile of 2-
D than to that of rBM 3-D (Figure 2B).  
   
Validated expression of the differential miRNAs between MCF-7 and MDA-MB231.  
Because the expression of the members of the miR-200 and let-7 families differed 
substantially between MCF-7 and MDA-MB231 cells in rBM 3-D culture, and was 
dysregulated by Col-1 in MCF-7 cells, we validated the expression of these miRNA in all 
culture conditions individually by qRT-PCR.  Consistent with the results from miRNA 
arrays, the induction of miR-141 and miR-429 upon transition from 2-D to rBM 3-D 
culture were observed only in MCF-7 cells, but not in MDA-MB231 cells (Figure 3, A & 
B).  Moreover, Col-1 abolished the induction of miR-141 and mR-429 in rBM 3-D culture 
of MCF-7 cells (Figure 3, A & B).  On the other hand, the expression of miR-200c was 
consistently higher in MCF-7 cells than that in MDA-MB231 regardless of the culture 
conditions (Figure 3C).  Consistent with the miRNA array data, let-7c was repressed 
upon transition from 2-D to rBM 3-D culture only in MCF-7 cells, but not in MDA-MB231 
cells (Figure 3D).  Col-1 increased the expression of let-7c in rBM 3-D culture of MCF-7 
cells (Figure 3D).  Overall, these results confirm a correlation between miRNA 
expression profiles and morphogenesis of breast cancer cells in rBM 3-D culture.                  
 
miR-429-mediated attenuation of the invasive stellate morphogenesis of MDA-MB231 
cells.  To determine the role of miRNAs in morphogenesis of breast cancer cells in rBM 
3-D culture, we focused on miR-429 because its expression was high in mass 
morphogenesis and low in Col-1-disrupted mass morphogenesis of MCF-7 cells, and 
low in stellate morphogenesis of MDA-MB231 cells (Figure 3B).  We chose to determine 
whether over-expression of miR-429 in MDA-MB231 cells could attenuate stellate 
morphogenesis and promote mass morphogenesis.  We reasoned that knockdown of 
miR-429 alone in MCF-7 cells may not be sufficient to disrupt mass morphogenesis 
because other members of miR-200 family, such as miR-141 can compensate a loss of 
miR-429 in morphogenesis.  To this end, we generated MDA-MB231 variants that were 
transduced with either a backbone vector (MDA-MB231vec) or a miR-429 expressing 
vector (MDA-MB231miR-429).  We compared morphogenesis between MDA-MB231vec 
and MDA-MB231miR-429 cells in rBM 3-D culture.  As expected, MDA-MB231miR-429 
exhibited a loss of the invasive stellate morphology and acquisition of mass morphology 
that resembled MCF-7 cells, whereas MDA-MB231vec retained a stellate morphology 
that was indistinguishable from the parental MDA-MB231 (Figure 4A).  Overexpression 
of miR-429 was confirmed as MDA-MB231miR-429 exhibited a 62-fold increase in RNA 
levels of miR-429 over that in MDA-MB231vec (Figure 4B).  As a consequence, 
overexpression of miR-429 repressed its target ZEB2 in MDA-MB231miR-429 to 26% of 
the control group (Figure 4C) and induced the expression of E-cadherin, a ZEB2 
repressed gene, to a 22-fold increase over that in MDA-MB231vec (Figure 4D).  These 
results suggest that miRNAs are crucial regulators of morphogenesis of breast cancer 
cells in rBM 3-D culture.   



 
Discussion  
 

A recent gene expression profiling of breast cancer cell lines in rBM 3-D culture 
identifies the gene expression signatures of untranformed and transformed mammary 
epithelial cell lines displaying distinct morphogenesis (8).  Using a similar strategy, we 
identify the miRNA expression profiles correlating with mass morphology of MCF-7 and 
stellate morphology of MDA-MB231 cells in rBM 3-D culture.  The identified miRNA 
profiles lend further support to the concept that rBM 3-D culture provides unique and 
complementary information to morphogenesis and tumorigenesis of mammary epithelial 
cells (7, 8).   

 
In our comparison of the miRNA profiles between MCF-7 and MDA-MB231 cells, 

a considerable portion of the differentially expressed miRNAs between MCF-7 and 
MDA-MB231 cells are common to both 2-D and rBM 3-D cultures (Figure 1, A & B).  
These miRNAs reflect disparate tumorigenic properties of the two cell lines.  For 
instance, the tumor-promoting miR211~222 cluster is robustly expressed in MDA-
MB231 cells and nearly silenced in MCF-7 cells (27).  On the other hand, rBM 3-D 
culture uncovers unique difference between MCF-7 and MDA-MB231 in the expression 
of miRNAs.  This phenomenon appears to result from distinct miRNA response upon 
transition from 2-D to rBM 3-D culture (Tables 2 and 3).  Because rBM 3-D culture 
promotes differentiation of mammary epithelial cells, a reduced miRNA response of 
MDA-MB231 relative to MCF-7 implicates that the less aggressive MCF-7 is more 
responsive to the differentiation-promoting cues derived from rBM 3-D than MDA-
MB231 (Table 2 vs. Table 3) (5).  This is also congruent to their distinct morphology in 
rBM 3-D culture.  MCF-7 exhibit mass morphology that is characteristic of non-invasive 
and non-metastatic breast cancer cells, whereas MDA-MB231 cells display stellate 
morphology that is characteristic of invasive and metastatic breast cancer cells (8).  

  
The MCF-7-specific rBM responsive miRNAs feature increased expression of 3 

members of the miR-200 family, miR-200a, miR-141, and miR-429 (Table 2 and Figure 
3).  Because the miR-200 family is one of the most potent suppressors of EMT, these 
findings suggest a role of the EMT regulators in morphogenesis of breast cancer cells in 
rBM 3-D culture.  In support of this speculation, robust expression of the miR-200 family 
members in MCF-7 correlates with the mass morphology that features strong cell-cell 
adhesion (8).  In contrast, the silenced expression of miR-200 family members in MDA-
MB231 correlates with the stellate morphology that features disorganized elongated cell 
clusters with invasive processes in the absence of strong cell-cell adhesion (8).  This 
can be attributed to a loss of ZEB1/2-meidated repression of E-cadherin by robust 
expression of the miR-200 family in MCF-7 cells, which provides sufficient E-cadherin 
for strong cell-cell adhesion.  These findings also suggest that native BM inhibits EMT 
and tumor progression via up-regulation of the miR-200 family, and the consequent 
suppression of the EMT promoter ZEB2.  The function of the miR-200 family in 
morphogenesis is further supported by over-expression of miR-429 in MDA-MB231 
cells.  Over-expression of miR-429 inhibits the expression of the EMT promoter ZEB2, 
releases ZEB2-mediated suppression of E-cadherin, and converts the stellate 



morphology of MDA-MB231 to a mass-like morphology in rBM 3-D culture (Figure 4).  
The importance of the rBM responsive miRNAs in morphogenesis is further supported 
by a comparison of miRNA profiles between rBM 3-D and rBM+Col-1 3-D culture of 
MCF-7 cells.  Col-1 dysregulates the expression of the rBM responsive miRNAs, 
particularly the miR-200 family, which correlates with disruption of mass morphogenesis 
of MCF-7 cells (Table 4) (24).       

 
It is noteworthy that the tumor suppressive let-7 miRNA family exhibits a 

paradoxical decrease in rBM 3-D relative to 2-D culture in MCF-7 and this response is 
absent in MDA-MB231 (Figure 3B).  One plausible explanation of this apparent 
paradoxical observation is that the expression of let-7 family miRNAs is stimulated in 
response to tumorigenic cues as a cell defense mechanism and repressed by the rBM 
derived differentiation-promoting signals.  Thus, the decreased expression of the let-7 
family implicates that sensing the rBM-derived differentiation promoting cues is intact 
only in MCF-7 cells, but not in MDA-MB231 cells.  A comprehensive functional analysis 
of the rBM responsive miRNAs in mammary epithelial cells will yield novel insight into 
how miRNAs regulate mammary epithelial morphogenesis and tumorigenesis. 
 

In summary, the current study provides an initial characterization of miRNA 
expression that correlates with distinct morphogenesis of breast cancer cell lines in rBM 
3-D culture.  Our findings strengthen the utility of rBM 3-D culture in elucidating the role 
of miRNAs in morphogenesis and tumorigenesis of mammary epithelial cells.   

   
List of abbreviations 
ECM: extracellular matrix;  BM: basement membrane matrix;  rBM 3-D: reconstituted 
basement membrane matrix based three-dimensional organotypic culture;  Col-1: type I 
collagen;  EMT: epithelial-mesenchymal transition;  miRNA: microRNA;  F-actin: 
filamentous actin;  qRT-PCR: quantitative RT-PCR. 
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rBM 3D 

Higher MCF-7/MB231 Lower MCF-7/MB231 
 hsa-miR-141 52.323  hsa-miR-125b 0.002 
 hsa-miR-429 11.685  hsa-miR-1246 0.026 
 hsa-miR-345 7.997  hsa-miR-138 0.045 
 hsa-miR-365 7.376  hsa-let-7c 0.061 

 hsa-miR-374b 7.102  hsa-miR-181b 0.116 
 hsa-miR-210 5.325  hsa-let-7g 0.151 

 hsa-miR-1280 4.545  hsa-miR-30a 0.167 
 hsa-let-7d* 4.280  hsa-let-7a 0.207 

 hsa-miR-331-3p 4.207  hsa-let-7b 0.232 
 hsa-miR-660 3.065  hsa-let-7i 0.237 
 hsa-miR-197 3.055  hsa-let-7f 0.239 
 hsa-miR-720 2.936  hsa-let-7e 0.276 

 hsa-miR-339-3p 2.591  hsa-miR-1275 0.456 
 hsa-miR-744 2.139  hsa-miR-24 0.466 

   hsa-miR-1228 0.472 
 
Table 1.  Disparate expression of miRNAs between MCF-7 and MDA-MB231 cells in rBM 3-D culture.  
Total cell RNA was extracted from MCF-7 and MDA-MB231 cells in rBM 3-D culture.  miRNA arrays were 
carried out and analyzed as described in Methods.  A fold change was obtained by setting the values 
from MDA-MB231 cells to one.    



 
MCF-7 

Higher rBM 3D/2D Lower rBM 3-D/2-D 
 hsa-miR-149* 7.141  hsa-miR-605 0.057 
 hsa-miR-210 6.881  hsa-let-7c 0.079 
 hsa-miR-762 5.065  hsa-miR-7 0.081 
 hsa-miR-548q 4.732  hsa-miR-1308 0.126 
 hsa-miR-141 4.703  hsa-let-7g 0.165 
 hsa-miR-1469 4.248  hsa-let-7b 0.166 
 hsa-miR-331-3p 4.001  hsa-let-7e 0.174 
 hsa-miR-1260 3.645  hsa-miR-181b 0.187 
 hsa-miR-200a 3.375  hsa-let-7f 0.191 
 hsa-miR-1915 3.321  hsa-let-7a 0.209 
 hsa-miR-429 3.148  hsa-miR-1246 0.262 
 hsa-miR-365 3.135  hsa-let-7i 0.265 
 hsa-miR-1908 2.729  hsa-miR-1977 0.288 
 hsa-miR-663 2.701  hsa-miR-629 0.292 
 hsa-miR-342-3p 2.665  hsa-miR-1228 0.299 
 hsa-miR-150* 2.509  hsa-miR-203 0.307 
 hsa-miR-1975 2.449  hsa-let-7d 0.327 
 hsa-miR-132 2.445  hsa-miR-877 0.410 
 hsa-miR-425 2.414  hsa-miR-342-5p 0.444 
 hsa-miR-222 2.180  hsa-miR-1978 0.448 
 hsa-miR-193a-3p 2.176  hsa-miR-1275 0.453 
 hsa-miR-193b 2.093  hsa-miR-27b 0.459 
 hsa-miR-1280 2.073  hsa-miR-940 0.481 
 hsa-miR-22 2.007  hsa-miR-21 0.484 
   hsa-miR-183 0.495 

 
Table 2.  Disparate expression of miRNAs between 2-D and rBM 3-D cultures of MCF-7 cells.  Total cell 
RNA was extracted from MCF-7 cells in 2-D and rBM 3-D cultures.  miRNA arrays were carried out and 
analyzed as described in Methods.  A fold change was obtained by setting the values from 2-D culture of 
MCF-7 cells to one.  Bold font indicated the miRNAs that differed between 2-D and rBM 3-D cultures only 
in MCF-7 cells, but not in MDA-MB231 cells.  
 



 
MDA-MB231 

Higher rBM 3D/2D Lower rBM 3D/2D 
 hsa-miR-1246 83.234  hsa-miR-1308 0.119 
 hsa-miR-654-5p 14.009  hsa-miR-301a 0.177 
 hsa-miR-663 8.580  hsa-miR-381 0.203 
 hsa-miR-1469 8.121  hsa-miR-140-3p 0.309 
 hsa-miR-1915 8.056  hsa-miR-1280 0.407 
 hsa-miR-762 7.972  hsa-miR-18a 0.468 
 hsa-miR-149* 7.650   
 hsa-miR-1826 6.064   
 hsa-miR-1908 5.710   
 hsa-miR-575 4.718   
 hsa-miR-1231 4.237   
 hsa-miR-1975 4.107   
 hsa-miR-1977 3.270   
 hsa-miR-1978 3.219   
 hsa-miR-638 3.137   
 hsa-miR-1275 2.671   
 hsa-miR-150* 2.443   
 hsa-miR-1974 2.423   
 hsa-miR-1281 2.415   
 hsa-miR-193a-5p 2.371   
 hsa-let-7g 2.115   
 hsa-miR-27b 2.071   

 
Table 3.  Disparate expression of miRNAs between 2-D and rBM 3-D cultures of MDA-MB231 cells.  Total 
cell RNA was extracted from MDA-MB231 cells in 2-D and rBM 3-D cultures.  miRNA arrays were carried 
out and analyzed as described in Methods.  A fold change was obtained by setting the values from 2-D 
culture of MDA-MB231 cells to one.  Bold font indicated the miRNAs that differed between 2-D and rBM 
3-D cultures only in MDA-MB231 cells, but not in MCF-7 cells. 



 
MCF-7 

Higher rBM+Col-1/rBM Lower rBM+Col-1/rBM 
 hsa-let-7b 10.896  hsa-miR-141 0.086 
 hsa-let-7e 10.717  hsa-miR-374b 0.105 
 hsa-miR-605 10.174  hsa-miR-1280 0.122 
 hsa-let-7c 10.142  hsa-miR-27a 0.140 
 hsa-miR-1246 9.438  hsa-miR-19b 0.149 
 hsa-miR-1538 7.337  hsa-miR-200a 0.152 
 hsa-let-7a 5.723  hsa-miR-301a 0.192 
 hsa-let-7f 5.347  hsa-miR-29a 0.195 
 hsa-miR-1470 5.220  hsa-miR-429 0.209 
 hsa-let-7f-1* 4.636  hsa-miR-22 0.221 
 hsa-miR-943 4.355  hsa-miR-30b 0.222 
 hsa-miR-1913 3.927  hsa-miR-149* 0.229 
 hsa-miR-625* 3.764  hsa-miR-720 0.232 
 hsa-let-7i 3.676  hsa-miR-331-3p 0.250 
 hsa-miR-519e* 3.516  hsa-miR-548q 0.253 
 hsa-let-7d 3.256  hsa-miR-345 0.270 
 hsa-miR-342-5p 3.179  hsa-miR-762 0.278 
 hsa-miR-125a-3p 2.944  hsa-miR-27b 0.323 
 hsa-let-7g 2.918  hsa-miR-106a 0.342 
 hsa-miR-629 2.885  hsa-miR-200b 0.354 
 hsa-miR-877 2.855  hsa-miR-17 0.362 
 hsa-miR-1249 2.642  hsa-miR-222 0.372 
 hsa-miR-1237 2.533  hsa-miR-342-3p 0.376 
 hsa-miR-21 2.365  hsa-miR-103 0.381 
 hsa-miR-1308 2.211  hsa-miR-181a 0.383 
   hsa-miR-107 0.394 
   hsa-miR-455-3p 0.411 
   hsa-miR-1301 0.421 
   hsa-miR-663 0.442 
   hsa-miR-93 0.443 
   hsa-miR-23a 0.451 
   hsa-miR-425 0.459 
   hsa-miR-30d 0.464 
   hsa-miR-197 0.466 
   hsa-miR-20b 0.482 
   hsa-miR-1469 0.496 

 
Table 4.  Disparate expression of miRNAs between rBM and rBM+Col-1 3-D cultures of MCF-7 cells.  
Total cell RNA was extracted from MCF-7 cells rBM and rBM+Col-1 3-D cultures.  miRNA arrays were 
carried out and analyzed as described in Methods.  A fold change was obtained by setting the values 



from rBM 3-D culture to one.  Bold font indicated the miRNAs that commonly differed in comparison 
between 2-D vs. rBM 3-D and rBM 3-D vs. rBM+Col-1 3-D cultures.  



Figure Legends  
 
Figure 1.  Distinct miRNA profiles of MCF-7 and MDA-MB231 cells in 2-D and rBM 3-D 
cultures.  A) MCF-7 and MDA-MB231 cells were cultured in rBM 3-D culture for 12 
days.  Morphogenesis was recorded using an inverse phase contrast microscope.  The 
scale bars are 2.0 mm.  B) The cell colonies were visualized using fluorescent staining 
for F-actin.  The images were representatives that were captured at the central planes 
of cell clusters using a confocal fluorescent microscope at 200x magnification.  The 
images of MDA-MB231 cells were parts of extensively networked cell growth.  C) Total 
cell RNA was extracted from MCF-7 and MDA-MB231 cells in rBM 3-D culture.  miRNA 
expression profiles were compared between the two cell lines using miRNA 
microarrays.  A heatmap of significantly differentially expressed miRNAs and 
unsupervised hierarchial clustering were generated using geWorkbench suite (n = 3, P 
< 0.01, FDR < 0.05).  D) Similar to part C except that the miRNA array analysis was 
carried out on RNA samples collected from 2-D cultures of MCF-7 and MDA-MB231 
cells. 
 
Figure 2.  Dysregulated expression of miRNAs by Col-1 in rBM 3-D of MCF-7 cells.  A) 
Total cell RNA was extracted from MCF-7 rBM 3-D culture with or without 
supplementation of Col-1 (2 µg/ml).  miRNA expression profiles were compared 
between the two culture conditions using miRNA microarrays.  A heatmap of 
significantly differentially expressed miRNAs and unsupervised hierarchial clustering 
were generated using geWorkbench suite (n = 3, P < 0.01, FDR < 0.05).  B) An 
unsupervised hierarchical clustering analysis was carried out to group and visualize 
miRNA arrays from MCF-7 cells in 2-D, rBM 3-D, and rBM 3-D + Col-1 cultures 
according to the expression profiles of miRNAs in each culture condition.  
 
Figure 3.  Differential expression of miRNAs among 2-D and rBM 3-D cultures.  A) The 
expression of miR-141 was measured using qRT-PCR in total cell RNA collected from 
2-D, rBM 3-D, and rBM 3-D+Col-1 cultures of MCF-7 cells and MDA-MB231 cells.  A 
fold change in miR-141 was obtained by setting the values of miR-141 from MCF-7 cells 
in 2-D culture to one and normalization to the values of U6.  B) Similar to part A except 
that the expression of miR-429 was compared across the groups.  C) Similar to part A 
except that the expression of miR-200c was compared across the groups.  D) Similar to 
part A except that the expression of let-7c was compared across the groups.  The data 
were presented in averages and standard deviations obtained from three independent 
experiments.  ∗, ∗∗, and ∗∗∗ indicated a P value < 0.05, 0.01, and 0.001, respectively.         
 
Figure 4.  Attenuation of the stellate morphology of MDA-MB231 by overexpression of 
miR-429.  A) MDA-MB231vec and MDA-MB231miR-429 cells were cultured in rBM 3-D 
culture for 12 days.  The growth pattern was recorded using an inverse phase contrast 
microscope.  The scale bars are 2.0 mm.  B) The expression of miR-429 was measured 
using qRT-PCR in total cell RNA collected from rBM 3-D cultures of MDA-MB231vec 
and MDA-MB231miR-429 cells.  A fold change in miR-429 was obtained by setting the 
values of miR-429 from MDA-MB231vec cells to one and normalization to the values of 
U6.  C) Similar to part B except that the mRNA levels of ZEB2 were compared between 



MDA-MB231vec and MDA-MB231miR-429 cells.  D) Similar to part B except that the 
mRNA levels of E-cadherin were compared between MDA-MB231vec and MDA-
MB231miR-429 cell.  The data were presented in average and standard deviations 
obtained from three independent experiments.  ∗, ∗∗, and ∗∗∗ indicated a P value < 
0.05, 0.01, and 0.001, respectively.  
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